Systemic lupus erythematosus (SLE) is a systemic autoimmune disease characterized by immune hyperactivity and loss of immunologic tolerance to self-antigens. Clinical manifestations often include symptoms of chronic inflammation, such as fatigue and fevers, as well as more specific features, including skin rashes, renal disease, arthritis, cardiovascular disease, vasculopathies, coagulopathies, and CNS involvement. The etiology of SLE is not well understood and likely includes both environmental and genetic factors. However, it is clear that dysfunction of multiple facets of host immunity underlies SLE pathogenesis, resulting in inflammatory immune cell infiltrates, autoantibody production, and deposition of pathogenic antibodies in target organs (reviewed in ref. 1).
Lipid dysfunction in autoimmune disease
Lipid dysfunction is a common clinical observation in many patients with rheumatic diseases and results in a heightened risk of cardiovascular disease independent of therapy (2-4). Genetic deletion of key proteins, such as apolipoprotein E, involved in lipid homeostasis has also been shown to exacerbate SLE pathogenesis in a broad array of model systems (5-7). Furthermore, T cells isolated from SLE patients have intrinsic alterations in lipid composition, especially in specialized microdomains of the plasma membrane (also known as lipid rafts) that contain the T cell antigen receptor (TCR), and alterations in associated signaling molecules (8, 9) . The combined weight of these observations argues that lipid metabolism influences self-tolerance and autoimmune pathogenesis; however, it is not known how defects in lipid metabolic programs direct the fate and function of immune cells in autoimmunity. In this issue, McDonald and colleagues shed new light on the complex crosstalk between lipid metabolism and T cell dysfunction by demonstrating that resetting glycosphingolipid (GSL) homeostasis partially restores TCR signaling and normalizes function in T cells isolated from patients with lupus (10) .
Alterations in T cell responsiveness associated with SLE
It has long been appreciated that T cells purified from individuals with SLE are dysfunctional, particularly in patients with active disease (reviewed in ref. 1). Perhaps the best-characterized changes in T cells from SLE patients are profound alterations in TCR signaling. Detailed studies indicate that T cells from SLE patients display heightened calcium flux in response to antigen receptor stimulation. The molecular mechanisms underlying the acquisition of this "exaggerated" signaling phenotype more, the SLE-associated GSL pattern remained in place even when SLE T cells were cultured under "resting" conditions, suggesting that the unique GSL composition in autoimmune T cells is not a consequence of activation per se. Perhaps more provocatively, serum collected from SLE patients was able to increase GSL levels in the plasma membrane of T cells cultured from healthy individuals. These data clearly suggest that the lipid metabolic program of SLE T cells is a consequence of signals emanating from the host environment and imply that a generalized disruption of host lipid homeostasis underlies SLE-associated T cell dysfunction.
Based on their identification of a differential GSL expression pattern in SLE T cells, McDonald and colleagues examined whether the SLE-associated alterations were a function of altered GSL synthesis or turnover. Under normal conditions, cellular GSL levels are achieved through the combined effects of de novo synthesis, turnover, and recycling (15) . The extent to which T cells in normal or disease states preferentially rely on one or more of these pathways remains largely unknown. Using a combination of fluorescent lipid tracers, organelle labeling probes, and pharmacologic inhibitors of organelle trafficking, McDonald et al. concluded that SLE T cells have both heightened GSL biosynthesis and increased cholesterol within the plasma membrane, correlating with perturbations in lipid raft function (8, 9) . These studies imply that lipid raft dysfunction may be a root cause of the exaggerated TCR signaling that is commonly observed in lymphocytes from SLE patients. In support of this assertion, disruption of lipid rafts or inhibition of cholesterol or GSL biosynthesis appears to be able to normalize TCR signaling and attenuate excessive cytokine production from autoimmune lymphocytes (8, 9, 13) . However, identification of the molecular mechanism(s) that drive lipid metabolic dysfunction in T cells from patients with rheumatic diseases has remained elusive.
GSL changes: at the heart of autoimmune T cell dysfunction?
The first clue to identification of the players in SLE-associated T cell lipid dysfunction came from a detailed assessment of GSL composition. GSLs are a structurally diverse class of glycerolipids that are defined by the type of carbohydrate moiety bound to the lipid backbone (14) . Using HPLC, McDonald and colleagues found that T cells from autoimmune patients have heightened GSL levels, which is consistent with previous findings (8, 9) ; however, HPLC analysis revealed that the composition of the GSLs was distinct from that found in activated T cells from healthy individuals. Furtherin SLE patients appears to be multifactorial. Biochemical characterization of the TCR signaling apparatus in T cells isolated from SLE patients indicates that changes in the assembly of the antigen receptor signal transduction machinery are mediated by the replacement of some signaling proteins (8, 11) . The consequence of protein replacement is an alteration of the biochemical signaling pattern downstream of antigen receptor cross-linking and a subsequent perturbation of gene expression programs.
Multiple studies, including the current study by McDonald and colleagues, indicate that the alterations in TCR signaling are attributable, in part, to disruption of lipid homeostasis in the plasma membrane of SLE T cells (8) (9) (10) . Specialized signal transduction localities within the plasma membrane, termed lipid rafts, rely on lipid composition to facilitate efficient TCR signaling. The lipid raft is specifically enriched with lipids, including cholesterol, sphingolipids, in particular sphingomyelin, and GSL species (Figure 1) . The biochemical and biophysical properties of these lipids within the lipid raft are thought to facilitate the aggregation (or exclusion) of signal transduction machinery, and disruption of these microdomains can substantially alter TCR signaling (12) . Interestingly, the characterization of T cells purified from SLE patients revealed alterations in GSLs and
Figure 1
Resetting GSL homeostasis restores SLE T cell dysfunction. (A) Lipid rafts are cholesterol-and GSL-rich microdomains in the plasma membrane that play important roles in regulating TCR signaling. In healthy individuals, the amount of cholesterol and GSLs is tightly regulated in quiescence. Activation increases both GSL and cholesterol levels in T cells, which then return to quiescent levels following removal of activation signals. (B) SLE T cells have altered GSL and cholesterol homeostasis in lipid rafts that results in abnormal TCR signaling. Pharmacologic inhibition of GSL synthesis in SLE T cells restores GSL homeostasis, normalizes TCR signaling, and attenuates lupus T cell dysfunction, indicating crosstalk between lipid metabolism and T cell function. dent and multifactorial. Work from our lab and others suggests that LXR signaling facilitates the clearance of apoptotic bodies while suppressing inflammatory gene expression (21, 22) . Likewise, LXRs can suppress proliferative capacity and differentiation of T lymphocytes (23, 24) , likely through their ability to regulate cellular cholesterol. Thus, LXRs appear to be critical for coordination between self-tolerance and lipid metabolism.
McDonald and colleagues further asked whether LXRs could mediate the GSL dysregulation observed in human SLE T cells. Examination of LXR target genes indicated that LXRB and genes involved in cellular lipid transport, such as the Niemann-Pick (NPC) proteins NPC1 and NPC2, were upregulated in isolated SLE T cells. Pharmacologic activation of LXRs transiently increased GSL expression in both healthy and SLE T cells; however, canonical LXR target genes, including ABCA1 and ABCG1, were not upregulated in SLE T cells, indicating an unusual pattern of LXR activity. Moreover, McDonald and colleagues noted that genes involved in cholesterol homeostasis, such as the sterol regulatory element-binding protein 2 (SREBP2) were also upregulated in SLE T cells. SREBPs are considered to be the master transcriptional regulators of lipid homeostasis through their ability to transactivate numerous genes involved in cholesterol biosynthesis and transport, including those encoding the NPC proteins (25, 26) . GSL levels in lipid rafts are intimately tied to cholesterol homeostasis (15) , and previous studies from Jury and colleagues have shown that inhibition of cholesterol synthesis can ameliorate many of the signaling abnormalities and dysfunction of SLE T cells (13) . Thus, the question remains whether LXR signaling truly drives SLE-associated perturbations in GSL homeostasis, or whether LXR is activated to compensate for the dysregulation of other aspects of cholesterol metabolism in autoimmune T cells. Thus, it will be of interest in future experiments to dissect the apparent crosstalk between the SREBP and LXR pathways in T cells and the combined influence of these pathways on lipid raft function. It will also be intriguing to further investigate the potential of targeting GSL homeostasis in individuals with SLE as a therapeutic approach for attenuating autoimmune pathology. In conclusion, the provocative studies by McDonald and colleagues support the growing notion that metabolic trafficking to and from the plasma membrane, resulting in an aberrant accumulation of GSLs. Perhaps more importantly, pharmacologic inhibition of GSL biosynthesis in vitro with the clinically approved competitive inhibitor of glucosylceramide synthase NB-DNJ (16), a drug used to ameliorate lysosomal storage diseases, normalized GSL levels to those of healthy individuals and partially restored signaling defects in SLE T cells. Moreover, correction of GSL homeostasis in vitro ameliorated multiple facets of dysfunction and diminished the ability of these cells to drive autoantibody production from cocultured B cells.
Liver X receptors: regulators of lipid homeostasis and self-tolerance?
So how do lupus T cells acquire this abnormal GSL metabolic phenotype? The observation that serum from SLE patients could induce lipid dysfunction in otherwise healthy T cells provided a clue, suggesting that a signal emanating from the host environment likely drives the metabolic program. McDonald and colleagues ruled out inflammatory signals in SLE-associated alterations of GSL biology and observed that the addition of oxidized lipoproteins (LDL) induced disease-associated GSL patterns in healthy T cells. Internalization of oxidized LDL is known to affect metabolism and inflammation through the actions of the lipid-regulated transcription factors liver X receptors (LXRα and LXRβ). LXRs are members of the nuclear receptor superfamily that have an ever-expanding role in the transcriptional regulation of cellular lipid homeostasis (17) . The LXRs are best known for their ability to transactivate genes involved in cellular cholesterol efflux (18) ; however, newer data indicate that LXRs also reduce lipoprotein import via the action of the E3 ligase IDOL (19) and induce phospholipid remodeling in membranes by the acetyl transferase LPCAT3 (20) . Interestingly, LXRs are also able to repress inflammatory gene expression (e.g., IL6 and INOS), providing crosstalk between cellular metabolic status and inflammatory signaling (18) .
Genetic ablation of both Lxra and Lxrb in mice results in a lupus-like disease, whereas pharmacologic activation of LXRs can attenuate lympho-proliferative disease and ameliorate autoantibody-mediated glomerulonephritis in spontaneous models of murine lupus (21) . The molecular mechanisms underlying LXR-dependent mediation of self-tolerance are cell type depen-It is well known that glycemic control over time reduces microvascular and macrovascular complications in human subjects with type 2 diabetes. In addition, preclinical models of type 2 diabetes have demonstrated that long-term hyperglycemia exacerbates insulin resistance and reduces β cell function; therefore, therapies that reduce blood glucose levels are of great interest in not only controlling complications, but for restoring known defects in the pathogenesis of type 2 diabetes. Pharmacological inhibition of the sodiumglucose cotransporter 2 (SGLT2) reduces plasma glucose by limiting glucose absorption in the kidney and increasing glucose excretion in the urine. In this issue of the JCI, Merovci and colleagues and Ferrannini and colleagues independently report a paradoxical increase in endogenous glucose production in patients with type 2 diabetes following SGLT2 inhibition, despite an overall decrease in fasting plasma glucose. Together, these studies provide a unique insight into the effects of SGLT2 inhibition on whole body metabolism. 
Pharmacological control of hyperglycemia
The natural history of type 2 diabetes (T2D) is characterized by a progressive decline in insulin secretion, development of insulin resistance, and increased hepatic glucose production. Based on these observations, it is generally accepted that after an initial period of lifestyle management and monotherapy (usually metformin), a combination of therapies designed to address T2D-associated pathophysiology will be required to effectively manage hyperglycemia over time (1) . Currently, clinicians can chose from a large number of agents (e.g., sulfonylureas, thiazolidinediones, incretin therapies, and exogenous insulin) that each have a unique mechanism of action, which makes each an appropriate add-on to the metformin background therapy (1) . Although all of these agents are considered to provide efficacy on glycemic control, many of them produce adverse side effects that ultimately dictate their use. Thus, there is clearly a need for pharmacotherapy that can improve glycemia yet have a beneficial effect on unmet clinical needs, including weight gain and hypoglycemia. In this regard, there has been great interest in the sodium-glucose cotransporter 2 (SGLT2), because pharmacologic inhibition of this glucose cotransporter offers an attractive approach to modulate carbohydrate metabolism (2) . Specifically, prior studies on SGLT2 inhibitors revealed that these agents lower the renal threshold for glucose and reduce glucose absorption in the kidney, resulting in increased urinary glucose excretion, decreased plasma glucose and glycated hemoglobin (A1c) levels, mild osmotic diuresis, and a favorable effect on weight (2) (3) (4) (5) . In essence, SGLT2 inhibition and associated net reduction in renal glucose reabsorption have provided a new insulin-independent approach for treatment of T2D.
To date, there are a number of SGLT2 inhibitors available currently or in development. Despite substantial clinical data on the effects of these inhibitors on glycemic control and other clinical parameters, there is a paucity of data in humans that comprehensively evaluates the whole body metabolic adaptation to pharmacologic inhibition of the renal SGLT2 cotransporter. In this issue of the JCI, results are presented from two elegantly conducted metabolic studies in individuals with T2D that evaluated the SGLT2 inhibitors, dapagliflozin and empagliflozin (6, 7) . Both studies were well designed, used sophisticated metabolic techniques, evaluated subjects with T2D, involved both acute and longer-term evaluation (two-and four-week observations), and evaluated whole body insulin sensitivity and endogenous hepatic glucose production in response to SGLT2 inhibition. Although it appears that the primary aims and study approaches differed, it is interesting to note that both trials confirmed a surprising finding: SGLT2 inhibition elicits a paradoxical rise in endogenous glucose production (EGP), despite lowering fasting glucose.
Testing the glucotoxicity hypothesis in patients with T2D
In the study by Merovci et al. (6) , the primary goal was to evaluate the impact of hyperglycemia and its reduction by SGLT2
